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Stem and progenitor cells maintain the tissue they
reside in for life by regulating the balance between
proliferation and differentiation. How this is done is
not well understood. Here, we report that the human
exosome maintains progenitor cell function. The ex-
pression of several subunits of the exosome were
found to be enriched in epidermal progenitor cells,
which were required to retain proliferative capacity
and to prevent premature differentiation. Loss of
PM/Scl-75 also known as EXOSC9, a key subunit of
the exosome complex, resulted in loss of cells from
the progenitor cell compartment, premature differ-
entiation, and loss of epidermal tissue. EXOSC9
promotes self-renewal and prevents premature
differentiation by maintaining transcript levels of a
transcription factor necessary for epidermal differen-
tiation,GRHL3, at low levels throughmRNAdegrada-
tion. These data demonstrate that control of differen-
tiation specific transcription factors through mRNA
degradation is required for progenitor cell mainte-
nance in mammalian tissue.
INTRODUCTION
The epidermis is an ideal system to address how stem and
progenitor cells maintain tissue in homeostasis and regenera-
tion. Mammalian epidermis is a stratified epithelium that resides
above the dermis separated by the basement membrane zone.
The self-renewal capacity of the epidermis is the result of stem
and progenitor cells that reside in the basal layer of the epidermis
(Sen, 2011). As the stem and progenitor cells differentiate, they
withdraw from the cell cycle, detach from the basement mem-
brane, and migrate upwards to form the spinous layer and then
the granular layer. Terminal differentiation results in the acquisi-
tion of the stratum corneum which is necessary for skin barrier
function (Blanpain and Fuchs, 2006). Failure to properly regulate
self-renewal and differentiation can result in a variety of skin
disorders which afflict a large percentage of the population
(Segre, 2006). Stem and progenitor cell self-renewal and differ-
entiation can potentially be regulated by both transcriptional
and post-transcriptional control of key genes. In the epidermis,
p63 has been shown to be necessary for both stem cell self-renewal and differentiation, while transcription factors such as
ZNF750, KLF4, GRHL3, and C/EBP alpha/beta are necessary
for differentiation (Lopez et al., 2009; Segre et al., 1999; Sen
et al., 2012; Senoo et al., 2007; Ting et al., 2005; Truong et al.,
2006). We and others have also recently demonstrated that
epigenetic factors such as DNMT1 and EZH2, can actively
suppress differentiation gene expression in epidermal stem
and progenitors cells to allow for self-renewal (Ezhkova et al.,
2009, 2011; Sen et al., 2008, 2010). Another potential mecha-
nism for controlling stem and progenitor cell fate decisions is
through the control of mRNA degradation by exonucleases.
mRNA degradation in cells can occur through either the 50-30
or 30-50 mRNA decay pathways (Garneau et al., 2007). In the
50-30 decay pathway, the 50 cap is removed by decapping
enzymes which allows the mRNA body to be degraded by the
50-30 exoribonuclease, XRN1. Alternatively, transcripts can be
degraded via the 30-50 pathway by the exosome complex
(Houseley and Tollervey, 2009). The exosome complex is a large
multimeric protein complex consisting of 11 subunits. The
human exosome has a cap consisting of three S1/KH-domain
subunits (hCsl4/EXOSC1, hRrp4/EXOSC2, and hRrp40/
EXOSC3), which rests upon a ring of six RNase PH-domain
subunits (hRrp41/EXOSC4, hRrp42/EXOSC7, OIP2/EXOSC8,
PM/Scl-75/EXOSC9, hRrp46/EXOSC5, and hMtr3/EXOSC6)
(Houseley et al., 2006). Two additional subunits Dis3 and PM/
Scl-100/EXOSC10, which are RNase II/R and RNase D homo-
logs, respectively, contain the active exonuclease activity neces-
sary for function. Both pathways have been implicated in the
degradation of normal as well as abnormal (nonsense-mediated
decay) transcripts (Belostotsky, 2009; Garneau et al., 2007).
XRN1 has also been shown to degrade antisense non-coding
RNAs while the exosome has been implicated in the destabiliza-
tion of intergenic transcripts such as cryptic unstable transcripts
and promoter upstream transcripts (Neil et al., 2009; Preker
et al., 2008; van Dijk et al., 2011). In Arabidopsis, mutations in
exosome subunits results in developmental defects unique to
the subunit targeted (Belostotsky and Sieburth, 2009; Cheka-
nova et al., 2007). In mammalian cells, exosome component,
EXOSC10 has been implicated in X inactivation through the
regulation of Xist RNA (Ciaudo et al., 2006). Despite these path-
ways being important for development and RNA regulation it is
not known whether either of these pathways has any role in
stem cell self-renewal and differentiation in mammals.
Here, we show that several subunits of the exosome complex
are highly expressed in epidermal progenitor cells and downre-
gulated upon differentiation consistent with a role in maintaining
epidermal progenitor status. Depletion of a critical member ofCell Stem Cell 11, 127–135, July 6, 2012 ª2012 Elsevier Inc. 127
Figure 1. Exosome Component EXOSC9 Is Down-
regulated during Epidermal Differentiation
(A)Microarray analysis showing several components of the
exosome being downregulated during calcium-induced
differentiation (genes repressed, blue; genes induced, red;
log2 scale).Heat map with (Ca2+) denote undifferentiated
and (+Ca2+) denote differentiated cells.
(B and C) Downregulation of EXOSC9 during differentia-
tion on the mRNA level and protein level. (Ca2+) denote
undifferentiated and (+Ca2+) denote differentiated cells.
Error bars = mean with SEM for QRT-PCR data in (B).
(D) EXOSC9 staining in adult human epidermis. EXOSC9
staining is shown in red and differentiation protein keratin
1(K1) is shown in green. Scale bar = 50 mm; dashed lines
denote basement membrane zone.
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progenitor cells residing in the basal layer of the epidermis,
which lead to premature differentiation and eventual tissue loss
in vivo. Loss of other key subunits, EXOSC7 and EXOSC10, of
the exosome complex also resulted in the premature differentia-
tion of progenitor cells. This is in contrast to XRN1, whose loss
has no impact on self-renewal of epidermal tissue. Gene expres-
sion profiling reveals that EXOSC9 regulates 423 differentiation
associated genes in progenitor cells. These effects are largely
mediated through EXOSC9 destabilization of GRHL3, a tran-
scription factor necessary for epidermal differentiation. Our
results suggest that the exosome mediates progenitor self-
renewal and inhibition of differentiation by destabilizing tran-
scription factors such as GRHL3 that would otherwise promote
differentiation.
RESULTS
EXOSC9 Expression Is Enriched in Progenitor Cells
To determine a potential role for the exosome and XRN1 in
epidermal self-renewal and differentiation, their expression
patterns were analyzed. Consistent with a role for the exosome
complex in maintaining the undifferentiated state of progenitor
cells, several subunits of the exosome complex including
EXOSC2, EXOSC9, EXOSC3, and EXOSC7 are highly enriched
in progenitor cells and subsequently downregulated upon
calcium induced differentiation (Figure 1A). Upon calcium
induced differentiation both transcript and protein levels of exo-
some subunit, EXOSC9 is downregulated (Figures 1A–1C). In
adult human epidermis, EXOSC9 expression is enriched in the
undifferentiated, basal layer suggesting a potential role in regu-
lating self-renewal of the tissue (Figure 1D). In contrast, there is
no change in the transcript levels of XRN1 during epidermal
differentiation (see Figure S1A available online).128 Cell Stem Cell 11, 127–135, July 6, 2012 ª2012 Elsevier Inc.EXOSC9 Is Necessary to Sustain
Proliferation and Prevent Premature
Differentiation of Progenitor Cells in the
Basal Layer of the Epidermis
To study whether the 50-30 or the 30-50 mRNA
decay pathways have any role in epidermal
progenitor function in vivo, XRN1 and EXOSC9
expression were depleted using short hairpin
RNA constructs (XRN1i and EXOSC9i) deliveredthrough retroviruses (Figures S1B, S2A, and S2B). EXOSC9i,
XRN1i, and control knockdown cells were used to regenerate
human epidermis on immune-deficient mice, which recapitu-
lates features of intact tissue such as progenitor cell self-renewal
and differentiation (Khavari, 2006; Sen et al., 2010). By 18 days
postgrafting, EXOSC9 knockdown tissue was hypoplastic with
differentiation protein, keratin 10 (K10) expression in the normally
undifferentiated basal layer (Figure 2A). By 27 days, only 25% of
the EXOSC9i tissue generated had survived as compared to
100% of the controls (Figure 2B). This loss was not due to
increased apoptosis but a result of ectopic differentiation of
the basal layer (Figures 2A and S2C). The hypoplastic tissue
resulting from loss of EXOSC9 expression suggests that the
progenitor cells had prematurely differentiated and exited the
basal compartment. Consistent with this, EXOSC9 depletion
dramatically diminished cell proliferation in the basal layer to
less than 5% of control by 27 days postgrafting (Figures S2D
and S2E). Cell cycle analysis of EXOSC9i cells also demon-
strated a loss of proliferation as the cells withdrew from the
S phase and accumulated in G0/G1 (Figure S2F). In contrast,
XRN1i tissue had no effects on differentiation, thickness of the
tissue, or survivability of the grafts (Figures S1B–S1D). These
results suggest that EXOSC9 but not XRN1 is necessary for
promoting self-renewal of basal layer cells.
EXOSC9 Maintains Self-Renewal of Progenitor Cells
through Cell Autonomous Mechanisms
To determine whether EXOSC9 is acting through cell or non-
cell autonomous mechanisms we used a modified version of
the progenitor cell competition assay we previously developed
(Sen et al., 2010). Cells were first transduced with retroviral
vectors encoding for dsRed and then knocked down for
control or EXOSC9. These cells were mixed with control cells
expressing GFP at a 1:1 ratio and used to regenerate human
Figure 2. EXOSC9 Loss Results in Premature Differentiation and Loss of Self-Renewal in Human Epidermal Tissue
(A) Keratinocytes expressing shRNAs for EXOSC9 (EXOSC9i) or control shRNA (CTL) were used to regenerate human epidermis on immune deficient mice.
Experiments were performed using two separate shRNAs targeting different regions of EXOSC9i [EXOSC9i(A) and EXOSC9i(B)]. Tissues were harvested at 9, 18,
and 27 days postgrafting onmice. Keratin 10 (K10) staining shown in greenmarks differentiated epidermal layers. Hoechst staining in bluemarks the nuclei. White
arrowheads denote areas of ectopic basal layer differentiation. The dashed lines denote basement membrane zone (Scale bar = 40 mm; n = 4 grafted mice per
shRNA construct per time point).
(B) Graft survival. Knockdown grafts that survived on mice by day 27.
(C) Human epidermal progenitor competition assay. Keratinocytes were first transducedwith a retrovirus to constitutively express dsRed. dsRed expressing cells
were then knocked down for EXOSC9 (EXOSC9i) or control (CTL) and mixed at a 1:1 ratio with GFP expressing keratinocytes. The mixed cells were used to
regenerate human epidermis on immune-deficient mice. GFP-expressing cells are shown in green while dsRed expressing cells are shown in red. Scale bar =
40 mm; n = 4 grafted mice per shRNA construct per time point.
(D) Quantification of dsRed cells in the basal layer. Error bars = mean with SEM.
See also Figures S1 and S2.
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The Exosome Controls Epidermal Progenitor Functionepidermis on immune compromised mice. By 18 days post-
grafting, only 8%–10% of EXOSC9i cells expressing dsRed
were present in the basal layer (Figures 2C and 2D). By
27 days, less than 4% of the cells in the basal layer were ex-
pressing dsRed with a vast majority of the dsRed positive-
EXOSC9i cells in the upper differentiated layers of the
epidermis (Figures 2C and 2D). When control knockdown cells
expressing dsRed were mixed with control GFP cells, the ratioof GFP to dsRed expressing cells remained equivalent
throughout the entire time course in both the basal layer and
the differentiated layers of the epidermis (Figures 2C and
2D). To rule out off-target RNAi effects, competition assays
were performed expressing full-length EXOSC9 in EXOSC9i-
dsRed cells. Expression of full length EXOSC9 but not LacZ
control rescued the loss of EXOSC9i-dsRed cells from the
basal layer as well as the rest of the epidermis (Figures S2GCell Stem Cell 11, 127–135, July 6, 2012 ª2012 Elsevier Inc. 129
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in a cell-autonomous manner.
EXOSC9 Controls a Gene Expression Program that
Maintains Proliferation and Inhibits Differentiation
To understand the mechanism by which EXOSC9 maintains
progenitor status, global gene expression profiles of EXOSC9
depleted epidermal cells cultured in growth conditions were
compared to that of control cells. 595 genes changed signifi-
cantly in EXOSC9i cells with 262 genes having increased and
333 genes having decreased expression (Figure 3A and Table
S1). Genes with increased expression were enriched for gene
ontology terms such as keratinization, cornified envelope,
and epidermal cell differentiation whereas genes with de-
creased expression were enriched for proliferation related
gene ontology terms (Figure 3A). To determine the extent to
which EXOSC9 regulates differentially expressed epidermal
differentiation genes, the EXOSC9i regulated genes were
compared to our previously generated set of 3,336 genes
that change significantly (increase or decrease) during epi-
dermal differentiation (Sen et al., 2010). Four hundred twenty-
three or 71% of EXOSC9 regulated genes are differentiation
regulated (Figure 3B and Table S2). Loss of EXOSC9 resulted
in increased expression of structural and enzymatic differentia-
tion genes such as IVL, LOR, and TGM1 (Figure 3C). Loss of
EXOSC9 also impaired the proliferation of primary human
epidermal cells (Figure 3D). In clonogenic assays, EXOSC9i
cells failed to proliferate into larger colonies and only produced
small colonies (Figures 3E and 3F). To determine if other
subunits of the exosome are necessary to maintain progenitor
function, EXOSC7 and EXOSC10 were also knocked down
(Figures S3A and S3B). EXOSC7 and EXOSC10 loss resulted
in an increase in epidermal differentiation gene expression
and inhibited proliferation (Figures S3C–S3E). This suggests
that exosome complex proteins are necessary to prevent
premature differentiation and sustain proliferation in epidermal
progenitor cells.
EXOSC9 Directly Regulates the Stability of GRHL3
Transcript Levels
There are 262 genes that increase in expression upon EXOSC9
depletion and 333 genes that decrease. All of these genes are
unlikely to be direct targets of the exosome especially the tran-
scripts that decrease in expression. Epidermal differentiation
specific structural genes with increased expression upon
EXOSC9 knockdown are also unlikely to be direct targets of
the exosome complex since these genes are kept silent through
repressive epigenetic marks such as H3K27me3 and DNAmeth-
ylation in progenitor cells (Ezhkova et al., 2009, 2011; Sen et al.,
2008, 2010). This suggests that the exosome complex may be
targeting genes that have major impacts on proliferation and
differentiation such as epigenetic or transcription factors. One
possible candidate is GRHL3 whose transcript levels increase
upon knockdown of EXOSC9 (Figure 3C and Table S1).
GRHL3 is a transcription factor whose expression increases
during epidermal differentiation and has been shown to be
necessary for differentiation (Ting et al., 2005). Although
GRHL3 is expressed at low levels in progenitor cells, its chro-
matin marks with both H3K4me3 and RNA polymerase II binding130 Cell Stem Cell 11, 127–135, July 6, 2012 ª2012 Elsevier Inc.suggests an actively transcribed gene (Figures S4A and S4B). To
test whether the exosome is necessary to destabilize GRHL3,
EXOSC9 was knocked down and the kinetics of GRHL3 stabili-
zation was examined. Within 48 hr post EXOSC9 depletion,
GRHL3 mRNA levels double and by 96 hr the levels have
increased by 6-fold similar to levels seen during epidermal
differentiation without increased RNA polymerase II binding to
the GRHL3 promoter (Figures 4A, 4B, and S4C). To determine
if EXOSC9 directly degrades GRHL3, cells were treated with
actinomycin D to determine the half-life of GRHL3 in control
and EXOSC9i cells. Loss of EXOSC9 increased the half-life of
GRHL3 transcript from 92.6 min to 170 min (Figure S4D). During
differentiation EXOSC9 is downregulated and the half-life of
GRHL3 transcript increases from 92.6 to 152 min suggesting
that the increase of GRHL3 during differentiation is partly due
to the increased stability of the transcript (Figure S4D). Notably,
knockdown of XRN1 had no impacts on the stability of GRHL3
suggesting that the degradation is specific to EXOSC9 (Fig-
ure S1E). To explore if EXOSC9 directly binds GRHL3 tran-
scripts, RNA immunoprecipitations (RIP) were performed using
an EXOSC9 antibody on extracts isolated from epidermal
progenitor cells. Binding of EXOSC9 to GRHL3 transcripts could
be detected in control but not EXOSC9i cells (Figure 4C).
Furthermore, GRHL3 bound specifically to EXOSC9 as no
binding could be detected for GAPDH or KRT5 which are tran-
scripts whose levels are not affected by EXOSC9 knockdown
(Figure 4C). GRHL3 transcripts could also be detected in the
immunoprecipitates of EXOSC7 and EXOSC10 suggesting these
factors are part of the same complex (Figure S3F and S3G).
These data indicate that GRHL3 mRNA is actively transcribed
in progenitor cells but is directly destabilized by exosome
components.
EXOSC9 Prevents Premature Differentiation and
Maintains Self-Renewal in Progenitor Cells through
the Regulation of GRHL3
To determine the impacts of increased levels of GRHL3
on progenitor self-renewal and differentiation, GRHL3 was over-
expressed in epidermal progenitor cells delivered by retrovi-
ruses. Increased expression of GRHL3 resulted in induction of
epidermal differentiation genes similar to levels that was
observed with EXOSC9 knockdown (Figures 4D and 3C).
Progenitor cell competition assays with GRHL3 overexpression
also demonstrate that increased levels of GRHL3 negatively
impacts progenitor cell self-renewal and maintenance in the
basal layer. By 27 days postgrafting, GRHL3 expressing cells
cotransduced with dsRED were depleted from the basal layer
of the epidermis with only control GFP-expressing cells remain-
ing (Figures 4E and 4F). In contrast, control LacZ expressing cells
co-transduced with dsRED showed equivalent percentages of
cells as control GFP expressing cells at all time points tested
(Figures 4E and 4F). This suggests that the levels of GRHL3
are critical in determining whether epidermal progenitor cells
self-renew or differentiate. To determine if the impacts of
EXOSC9 loss on proliferation and differentiation is mediated
primarily through increased GRHL3 transcript levels, GRHL3
and EXOSC9 were simultaneously knocked down and
compared to EXOSC9i and control cells. Global gene expression
analysis show that 31.5% (188/595) of the genes that were
Figure 3. EXOSC9 Is Necessary to Repress Differentiation Gene Expression and Maintain Proliferation
(A) Heat map (left panel) of the 595 genes that change significantly upon EXOSC9 knockdown. Heat map is shown in red (induced genes) and blue (repressed
genes) on a log2-based scale. Gene ontology analysis (right panel) of the geneswith increased or decreased values upon EXOSC9 knockdown. Yellowmark in bar
graphs demark p value = 0.5.
(B) Overlap of differentiation regulated gene set with EXOSC9i genes. 3,336 genes (blue; CTL+Ca2+) change significantly during epidermal differentiation.
These 3,336 genes that change during differentiation were overlapped with the 595 genes that change when EXOSC9 is knocked down in growth conditions
(EXOSC9i (–Ca2+)). Shown in the overlap (423 genes:green) are EXOSC9 regulated genes that are also differentiation regulated.
(C) QRT-PCR verification of microarray data. Error bars = mean with SEM.
(D) Cell proliferation assay. Cells were knocked down for EXOSC9 or control. 50,000 cells were seeded and counted over 10 days (n = 3). Error bars = mean
with SEM.
(E) Clonogenic assay of control shRNA (CTL) and EXOSC9i keratinocytes plated at limiting dilution.
(F) Quantification of colonies > 4 mm2 (n = 3 per group), error bars = mean with SEM.
See also Figure S3, Table S1, and Table S2.
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Figure 4. EXOSC9 Prevents Premature Differentiation and Maintains Self-Renewal in Progenitor Cells by Regulating GRHL3 Transcript
Levels
(A) Loss of EXOSC9 results in increased levels of GRHL3. QRT-PCR on GRHL3 mRNA levels on days post EXOSC9 knockdown.
(B)GRHL3 expression is increased during epidermal differentiation. QRT-PCRmeasurements on levels ofGRHL3 increase during epidermal differentiation. Error
bars = mean with SEM.
(C) EXOSC9 binds toGRHL3 but notGAPDH or KRT5 transcripts. RNA immunoprecipitations (RIP) were performed using an antibody against EXOSC9 or mouse
IgG on paraformaldehyde crosslinked nuclear extracts isolated from control (CTL) or EXOSC9i cells. QRTPCR was used to determine the levels of binding. Error
bars = mean with SEM.
(D) Forced expression of GRHL3 in epidermal progenitor cells results in premature differentiation. Four days posttransduction of cells with a GRHL3 or LacZ
encoding retrovirus, cells were harvested and assayed using QRT-PCR. Error bars = mean with SEM.
(E) Epidermal progenitor competition assay. dsRed expressing epidermal cells were transduced with a retroviral construct encoding GRHL3 or LacZ. These cells
were mixed at a 1:1 ratio with GFP expressing cells and used to regenerate human epidermis. GFP cells = green; dsRed cells = red. The dashed lines denote
basement membrane zone (Scale bar = 40 mm; n = 3 grafted mice per construct per time point).
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The Exosome Controls Epidermal Progenitor Functionincreased or decreased in EXOSC9i cells were reverted to
control levels upon simultaneous knockdown of GRHL3 and
EXOSC9 (Figure 4G and Table S3). One hundred twenty of the
genes with increased expression upon EXOSC9 knockdown
were restored to control levels upon co-knockdown with
GRHL3 (Figure 4G and Table S3). These genes were enriched
for gene ontology terms such as keratinocyte differentiation, cor-
nified envelope, and included genes such as SPRR1A, IVL, and
TGM1 (Figures 4G and 4H). Sixty-eight genes with decreased
values upon EXOSC9 knockdown were restored to control levels
upon co-knockdown with GRHL3 and were enriched for gene
ontology terms involved in cell cycle and proliferation (Figure 4G
and Table S3). Notably, simultaneous knockdown of GRHL3with
either EXOSC7 or EXOSC10 rescued the premature differentia-
tion phenotype of EXOSC7 or EXOSC10 knockdown cells sug-
gesting that these exosome components are also acting through
GRHL3 (Figures S3C and S3D). To determine if increased levels
of GRHL3 were the cause of premature differentiation in the
basal layer of EXOSC9 knockdown epidermis, GRHL3 and
EXOSC9 were simultaneously knocked down in tissue. Loss of
EXOSC9 resulted in premature differentiation of the basal layer
as evidenced by the hypoplastic epidermis and expression of
K10 in the basal layer (Figure S4E, middle panel). Double knock-
down of EXOSC9 and GRHL3 prevented premature differentia-
tion of the basal layer similar to control tissue as seen by the
absence of K10 expression in the basal layer (Figure S4E, right
panel). The proliferative capacity of the epidermis was also
restored upon double EXOSC9 and GRHL3 knockdown as
evidenced by the more than 8-fold increase in the number of
cells staining for ki67 as compared to EXOSC9 knockdown
(Figures S4E and S4F). This suggests that EXOSC9 sustains
proliferation and inhibits differentiation in progenitor cells by
controlling the mRNA levels of GRHL3.
DISCUSSION
Here, we report that of the two major mRNA decay pathways,
only the 30-50 decay pathway is necessary for maintaining the
undifferentiated state. Depletion of EXOSC9 resulted in prema-
ture differentiation and loss of progenitor cells from the basal
layer of the epidermis. Several other subunits of the exosome
complex (EXOSC7 and EXOSC10) are also essential for prevent-
ing premature differentiation of progenitor cells. The exosome
maintains the progenitor state by directly binding to and degrad-
ingGRHL3 transcripts. During differentiation, several subunits of
the exosome are downregulated, which results in the stabiliza-
tion of GRHL3 transcripts allowing for differentiation gene
expression. Furthermore, preventing the increase in GRHL3
levels in EXOSC9 knockdown cells can rescue EXOSC9 regu-
lated genes and tissue phenotype suggesting that maintaining
GRHL3 at low levels is critical for preventing differentiation.
This suggests that EXOSC9 serves to keep differentiation(F) Quantification of dsRed-positive cells in the basal layer.
(G) Knockdown of GRHL3 in EXOSC9i cells rescues the differentiation and grow
EXOSC9i, and EXOSC9i+GRHL3i cells. Red(induced) and blue (repressed), log2-b
knockdown. Yellow mark in bar graphs demark p value = 0.5.
(H) GRHL3 is necessary for the differentiation effects of EXOSC9i cells. QRT-PC
See also Figure S4 and Table S3.specific transcription factors at low levels to promote self-
renewal in progenitor cells.
The exosome can function in both the cytoplasm and nucleus.
The cytoplasmic exosome can interact with RNA binding
proteins and degrade transcripts from the nonsense mediated
decay pathway as well as AU rich transcripts in the cytoplasm
(Houseley et al., 2006). GRHL3 does not have canonical AU
rich sites in its 30UTR making it unlikely to be targeted to the
exosome through AU rich binding proteins. The nuclear exo-
some has been shown in S. cerevisiae to be necessary for the
degradation of cryptic unstable transcripts (Neil et al., 2009). In
Drosophila, the nuclear exosome associates with chromatin at
sites of active transcription to degrade pre-mRNAs as soon as
they are transcribed (Andrulis et al., 2002). Our data suggests
that the nuclear exosome is responsible for the degradation of
GRHL3 since EXOSC9 is localized to the nucleus in the
epidermis.
Although our data suggests that the nuclear exosome is
targeting GRHL3 transcripts for degradation, it is unclear how
the exosome specifically recognizes its target. In Arabidopsis,
it has been shown that mutations in different subunits of the
exosome give rise to unique developmental defects. The
different subunits also regulated distinct but also overlapping
RNAs (Belostotsky and Sieburth, 2009; Chekanova et al.,
2007). In Drosophila, microarray analysis of cells depleted for
different subunits of the exosome also showed that each subunit
regulated their own distinct set of RNAs (Kiss and Andrulis,
2010). This type of substrate specificity may potentially occur
in the context of the entire exosome or in the context of smaller
subcomplexes. These data suggest that the function of certain
subunits of the exosome is to potentially recognize distinct
RNA substrates which then allow EXOSC10 and DIS3, which
contain the exonuclease activity, to degrade the target RNA.
Our data is not inconsistent with this model. EXOSC9 and
EXOSC7may directly targetGRHL3 transcripts whether through
the structure of the mRNA or through sequence recognition and
thus allow degradation of the transcript through EXOSC10. In
line with this, EXOSC9 and EXOSC7 expression is downregu-
lated during differentiation, which would thus prevent further
targeting of GRHL3 by the exosome and lead to an increase in
its expression. Amajority of the exosome subunits are not down-
regulated during differentiation. Notably, EXOSC10 and DIS3
which contain the exoribonuclease activity are not downregu-
lated during differentiation which may allow other functions of
the exosome such as processing of sn/snoRNAs and pre-rRNAs
to be maintained (Callahan and Butler, 2008; Schilders et al.,
2007; Tomecki et al., 2010). However, we cannot exclude the
possibility that processing of certain sn/snoRNAs that may be
specifically targeted by differentially expressed exosome
components such as EXOSC9 will be lost upon differentiation.
The exosome may also recognize GRHL3 transcripts through
interactions with adaptor proteins. In yeast, Mtr4p is necessaryth arrest phenotypes of EXOSC9i cells. Heat map (left panel) of control (CTL),
ased scale. Gene ontology analysis (right panel) of the genes rescued by double
R verification of array data. Error bars = mean with SEM.
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binds to RNA with certain structures andMpp6p binds to poly(U)
RNA (de la Cruz et al., 1998; Milligan et al., 2008; Mitchell et al.,
2003). Furthermore, Sen1p, Nrd1p, and Nab3p along with RNA
polymerase II associate with the nuclear exosome to degrade
snoRNAs and cryptic unstable transcripts (Vasiljeva and Bura-
towski, 2006). Human homologs of these yeast adaptor proteins
have also been identified which include hMTR4(Mtr4p),
MPP6(Mpp6p), and C1D(Rrp47p) (Schilders et al., 2005, 2007).
In addition to these factors, ZCCHC8 and RBM7 were recently
identified as part of the human MTR4 complex that target the
nuclear exosome to promoter upstream transcripts (Lubas
et al., 2011). It will be interesting to determine whether any
of these proteins are involved in recruiting the exosome to
GRHL3 to promote self-renewal in progenitor cells.
In conclusion, we describe a mechanism for maintaining cells
undifferentiated through the rapid degradation of differentiation
specific transcription factors by the exosome.
EXPERIMENTAL PROCEDURES
All experiments involving animals were approved by appropriate institutional
animal care and use committees. The Supplemental Experimental Procedures
section which includes a list of retroviral constructs, siRNAs, antibodies, and
primer sequences is available online.
Tissue Culture
Primary human keratinocytes were derived from fresh foreskin. Cells were
grown in KSF-M (GIBCO-BRL) supplemented with epidermal growth factor
(EGF) and bovine pituitary extract (BPE). Cells were induced to differentiate
by the addition of 1.2 mM calcium for 3 days in full confluence. Amphotrophic
phoenix cells were maintained in DMEM and 10% fetal bovine serum.
Gene Transfer
Amphotrophic phoenix cells were transfected with 3 mg of each retroviral
construct to either knockdown or overexpress genes. Transfections were
done in 6-well plates using Fugene 6 (Roche). Viral supernatants were
collected 48 hr posttransfection and polybrene added (5 mg/ml). These super-
natants were placed on primary human keratinocytes and centrifuged for 1 hr
at 1,000 rpm. Cells were transduced a total of 2 times and selected using puro-
mycin (2 mg/ml) after the last transduction.
Gene Knockdown and Overexpression
ShRNA retroviral constructs were generated by cloning oligos into the pSuper
Retro vector. Retroviral constructs expressing GFP or dsRed (LZRS-GFP or
LZRS-dsRED) were a generous gift from the Khavari laboratory. The full-length
open reading frame of GRHL3 was cloned into the LZRS retroviral vector.
Western Blotting and Immunofluorescence
Fifty micrograms of the cell lysates were used for immunoblotting. For immu-
nofluorescence experiments, 7 mm thick epidermal sections from adult human
skin or xenografts were used.
Grafts of Regenerated Human Skin onto Immune-Deficient Mice
For xenografts, 1 million genetically modified keratinocytes were seeded onto
devitalized human dermis for 48 hr and then grafted onto female 10–12 week
old CB17 scid/scid mice for up to 27 days as previously described (Sen et al.,
2008, 2010).
In Vivo Epidermal Progenitor Cell Tracking System
Marked epidermal cells were generated by transducing the cells with a dsRed
expressing retroviral construct. Cells were then transduced with retroviral
constructs to knockdown EXOSC9, overexpress GRHL3, or control. These
modified cells were mixed at a 1:1 ratio with GFP expressing cells and grafted
onto immune-deficient mice to regenerate human epidermis. The number of134 Cell Stem Cell 11, 127–135, July 6, 2012 ª2012 Elsevier Inc.dsRed expressing cells in the basal layer was counted and divided by the total
number of cells in the basal layer to generate the percentage of dsRed positive
basal layer cells.
Quantitative Reverse Transcriptase-PCR Analysis
Total RNA from cells was extracted using the RNeasy mini kit. One microgram
of total RNA was reverse transcribed and quantitative PCR was performed.
Samples were run in triplicate and normalized to GAPDH.
Gene Expression Profiling
For gene expression profiling, cultured primary human keratinocytes were
knocked down for EXOSC9, EXOSC9 and GRHL3, or control. RNA was
harvested from the cells 5 days after knockdown. Microarray analysis using
Affymetrix HG-U133 2.0 plus arrays was performed on duplicate samples.
Significantly changed genes were identified as previously described (Sen
et al., 2010).
Apoptosis Assays
Epidermal tissue was stained for apoptosis using the In Situ Cell Death Detec-
tion kit (Roche: 12156792910) according to manufacturers protocol.
Clonogenic Assays
For clonogenic assays with primary human keratinocytes, 100 cells were
plated onto mitomycin C treated (15 mg/ml) 3T3 feeder cells in a 30 mm Petri
dish. Colonies were stained with crystal violet 3 weeks after plating.
Chromatin Immunoprecipitation
ChIP was performed as previously described (Sen et al., 2008). Five million
cells were used for ChIP for each antibody used. 3ug of antibody was used
for each pulldown experiment. Experiments were performed in triplicates.
Results were represented as a percent of input DNA.
RNA Immunoprecipitation
Five million cells were used for RNA IP for each antibody used. Three micro-
grams of antibody was used for each pulldown experiment. RNA IP was
performed using the RNA IP kit (53024) from Active Motif according to manu-
facturer’s protocol.
Measurement of the Stability and Half-Life of GRHL3 mRNA
Cells were treated with actinomycin D (10 mg/ml) for 0, 0.5, 1.5, 2.5, and 4 hr to
determine the half-life of GRHL3 mRNA. RNA was isolated from the samples
and QRT-PCR was used to determine the levels of GRHL3. Half-life (Leclerc
et al., 2002) was calculated using the formula T1/2 = 0.3t/log(D1/D2).
Cell Cycle Analysis
Cell cycle analysis was performed by analyzing DNA content using flow
cytometry.
Cells were fixed in ice-cold 70% ethanol and then stained with PI solution
(50 mg/ml propidium iodide, 3.8 mM NaCitrate, 150 mg/ml RNase A in PBS)
for 30 min at room temperature. Cells were then analyzed using a flow
cytometer.
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